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Introduction
[2] The interaction between cumulus convection and large-scale atmospheric flows remains a central, unsolved problem in atmospheric science. The strong links between convection, clouds, radiation, and water vapor imply that limitations in understanding this interaction remain a major source of uncertainty in understanding climate and climate change. Cumulus parameterizations represent the interaction between cumulus convection and mean flows in atmospheric general circulation models (GCMs). Cumulus parameterizations consist of both components which determine the vertical distributions of sources and sinks of heat, moisture, chemical tracers, and horizontal momentum by convective systems and components which relate the intensity of convective systems to properties of the mean flow. The relationships between the intensity of convective systems and the properties of mean flows are referred to as closures.
[3] Many closures for cumulus parameterization are based on the broad concept that cumulus convection stabilizes a flow which has been destabilized by other processes acting on it. Arakawa and Schubert [1974] introduced the concept of quasi-equilibrium, which governs the rate at which the work done to an ensemble of cumulus parcels traveling from their cloud bases to their detrainment levels changes with time. This cloud work function is a measure of convective instability. For parcels which do not entrain air from their environment, the cloud work function is the convective available potential energy (CAPE). As the mean flow changes, the cloud work function changes. Under quasi-equilibrium, convection occurs when mean advection and physical processes other than convection are destabilizing, and the net rate of change of cloud work function is much smaller than the rate at which mean advection and nonconvective physical processes act to increase it. An obvious means of satisfying quasi-equilibrium is for the intensity of deep convection to be just sufficient for the reduction in cloud work function by convection to balance the increase of cloud work function by mean advection and nonconvective physical processes (radiation, convergence of boundary layer and other smallscale turbulent fluxes, phase changes in nonconvective clouds). (For the purposes of this paper, convection will henceforth refer to deep convection.) A balance of this nature, in which absolute changes in CAPE are small, is referred to as ''strict quasi-equilibrium'' [Brown and Bretherton, 1997] .
[4] Direct analyses of observations comparing the rate at which cloud work function, CAPE, or a generalization of CAPE (GCAPE, developed by Randall and Wang [1992] ), changes to the rate at which these quantities change by mean advection and nonconvective physical processes have been reported. (GCAPE is the maximum energy obtained by any possible adiabatic rearrangement of parcels in a column.) Using data obtained in the Marshall Islands during Operation Redwing in 1956, Arakawa and Schubert [1974] find that the rate at which the cloud work function would change if only mean advection (advection of the mean temperature and moisture fields by the mean velocity) were acting is large relative to its net observed rate of change. Wang and Randall [1994] obtain similar results for GCAPE using GATE data. Zhang [2002] , however, finds with ARM data that the net rate of CAPE change can be at least half as large as the CAPE change by mean advection and BL fluxes, with large sensitivity to his treatment of BL fluxes. Zhang [2003] extends this analysis to include the Tropical Ocean Global Atmosphere/Coupled Ocean-Atmosphere Response Experiment (TOGA-COARE) in the western Pacific and finds many cases in which the rate of CAPE change by mean advection and BL fluxes is not comparable to the rate at which it changes by cumulus processes at subdiurnal timescales. At longer timescales, these rates correspond more closely.
[5] In application, many cumulus parameterizations do not balance the rates of change of cloud work function due to mean advection and nonconvective parameterizations against convective parameterizations. Rather, the convective rate of change of cloud work function is balanced by the work function ( possibly reduced by a threshold value) normalized by a relaxation time. Many applications do not use the cloud work function for an ensemble of clouds but use only CAPE. As examples, these approaches are used in the Community Atmospheric Model of the National Center for Atmospheric Research [Zhang et al., 1998 ], the Geophysical Fluid Dynamics Laboratory AM2/LM2 (Geophysical Fluid Dynamics Laboratory Global Atmosphere Model Development Team, The GFDL new global atmosphere and land model AM2/ LM2: Evaluation with prescribed SST simulations, submitted to Journal of Climate, 2003), HadAM3 of the Hadley Centre (using a low-level stability measure [Pope et al., 2000] ), and the European Centre for MediumRange Weather Forecasts Integrated Forecasting System [Gregory et al., 2000] .
[6] Zhang [2002] uses field observations from the Atmospheric Radiation Measurement (ARM) program to examine the behavior of CAPE. Substantial variability in CAPE relative to its mean observed value during periods of convection is noted. Zhang [2002] finds that CAPE variation associated with the evolution of the troposphere above the BL is smaller than the complete variation of CAPE and proposes a closure for cumulus parameterizations based on this finding. The implication of these results is that CAPE evolution is substantially controlled by the evolution of the BL. These conclusions apply also to observations from the TOGA-COARE experiment [Zhang, 2003] .
[7] Raymond [1995] and Emanuel [1995] propose ''boundary layer quasi-equilibrium,'' in which the BL is in an equilibrium between surface fluxes and downward fluxes of air from above the BL. The latter fluxes are generated by convection. This concept differs from that of Zhang [2002 Zhang [ , 2003 , which emphasizes variability in the BL as a source of CAPE variation. However, in the limit of ''strict quasiequilibrium,' ' Zhang's [2002 ' Zhang's [ , 2003 equilibrium in CAPE variation associated with the evolution of the troposphere above the BL implies that ''boundary layer quasiequilibrium'' also holds.
[8] The purpose of this paper is to examine boundary layer control on CAPE and its implications for closure for cumulus parameterization in oceanic tropical areas, as well as for the midlatitude continental location of ARM. CAPE is found to be under substantial control by the BL for the ARM site and for field programs in the east Atlantic and west Pacific. Sampling uncertainty renders uncertain whether quasi-equilibrium holds on timescales of hours for oceanic tropical areas. Quasi-equilibrium is unlikely to hold at these timescales for ARM. To the extent that CAPE is controlled by the BL, processes acting to modify CAPE outside of the BL are in approximate balance. For deep cumulus convection, this implies that changes in CAPE generated by mean advection and surface fluxes which converge above the BL are roughly balanced by convective processes above the BL. This balance can be used to close cumulus parameterizations, as noted by Zhang [2002 Zhang [ , 2003 . Tests using this closure for the oceanic locations and the ARM site show that it holds more robustly than a balance of CAPE generation by mean advection and BL fluxes and CAPE destruction by convective processes in which BL contributions to CAPE tendencies are included. Apparently, large-amplitude, high-frequency variations in CAPE induced by surface fluxes are not balanced by convectively induced changes in CAPE. Large-amplitude, high frequency forcing is concentrated in the BL, where surface fluxes exert a strong influence, accounting for the more robust, limited balance among processes outside the BL. [Zhang and Lin, 1997; Zhang et al., 2001] , as are surface fluxes. The corresponding GATE analyses and surface fluxes follow Thompson et al. [1979] . TOGA-COARE analyses of temperature and moisture are from Ciesielski et al. [1997] . Two sets of surface fluxes are used for TOGA-COARE, buoy data from Lin and Johnson [1996] and satellite estimates from Curry et al. [1999] . For ARM, GATE, and TOGA-COARE, the surface fluxes are used in conjunction with the BL parameterization in the Weather Research and Forecasting (WRF) model (http://wrf-model.org) to estimate the heating and moistening due to convergence of surface and eddy fluxes throughout the column [Troen and Mahrt, 1986; Hong and Pan, 1996] .
Observational Analyses
[10] CAPE, defined here as the energy released by a parcel between the level of free convection and the level of zero buoyancy, is calculated using a starting level 35 hPa above the surface and a vertical increment of .09 hPa.
(The vertical resolution corresponds to 10 4 vertical levels for the CAPE calculation, and the starting level is typically in the lower third of the BL.) Temperature and moisture are interpolated to this resolution from their coarser resolutions in the analyses. Finite time differences are taken over 3-hour intervals for GATE and ARM; 6-hour intervals for TOGA-COARE.
Boundary Layer Control on CAPE
[11] CAPE is the vertical integral between the level of free convection, p LFC , and the level of zero buoyancy, p LZB , of the density temperature difference between a parcel lifted without dilution from the BL and its largescale environment:
The density temperature T r is defined as
where is the ratio of molecular weights of water to dry air and q T is the total water mixing ratio. Condensate effects on temperature are not treated here. Pressure is denoted as p, density, r; water vapor mixing ratio q, and the ideal gas constant for dry air, R d . The subscript p on T rp indicates a property for an undilute parcel rising from the BL. All other variables refer to analyzed variables taken as representative of the mean flow or mean variables derived from the analyzed variables.
[12] Since the density temperature of the parcel is a function of the mean temperature and mixing ratio in the BL, the time (t) derivative of CAPE for a column in which temperature and mixing ratio are measured in the BL (T BL , q BL ) and on N discrete levels above the BL is
As noted by Zhang [2002] , (3) can be written more compactly as
@ t CAPE BL refers to the sum of the first two terms on the right of (3), and @ t CAPE PE refers to the sum of the last two terms on the right of (3). À1 at any height between 5 and 10 km above ground level. The apparent heat source Q 1 is defined as
where s is the dry static energy, v is the horizontal velocity, and w is the vertical pressure velocity.
[13] The striking result in Figures 1a -1c Zhang [2002 Zhang [ , 2003 for ARM and TOGA-COARE but show that it also holds in an additional tropical oceanic environment, the east Atlantic. Yano et al. [2001] also find that CAPE variations in TOGA-COARE are largely accounted for by variations in the BL. Additional confirmation from a different geographical region is provided by McBride and Frank [1999] , who find that day-to-day variations in CAPE observed in the Australian Monsoon Experiment are closely linked to BL equivalent potential temperature.
[14] Figures 1d-1f show that on subdiurnal timescales, the BL is not in equilibrium. Raymond [1995] postulates ''boundary layer quasi-equilibrium'' but asserts that it holds in the west Pacific on timescales of one-half of a day or greater. On these longer timescales, Figures 1d-1f show that many of the fluctuations in dCAPE dt cancel, and the BL is closer to equilibrium.
Quasi-Equilibrium
[15] The strong control over CAPE variations by the BL indicates aspects of CAPE behavior that are not obviously consistent with quasi-equilibrium. In particular, it empha- sizes variability. Under the quasi-equilibrium hypothesis, the rate at which CAPE changes due to advection by the mean velocity field and nonconvective physical processes is much greater than the net rate of CAPE change. Quasiequilibrium thus allows for CAPE variations. The observations used to examine control on CAPE by the BL can also be used to examine quasi-equilibrium.
[16] Although GCMs have distinct parameterizations for convective and nonconvective processes, these processes in the atmosphere are so tightly coupled that the distinction between them is ambiguous. As noted by Randall et al. [1997] , the subjective nature of the decomposition between convective and nonconvective processes is a weakness of the quasi-equilibrium construct. The analysis here groups CAPE variations due to mean advection of temperature and moisture and convergence of boundary layer fluxes of heat and moisture and compares them with the net rate of CAPE change. All phase changes are assumed to be convective, consistent with the observational evidence that in the presence of deep convection even stratiform clouds are produced to a large extent by convective detrainment [Randall et al., 1997] . Radiation is not included. Since the analysis is restricted to convective time periods, for which
, the relative magnitude of radiative heating is generally small.
[17] The rate at which CAPE changes due to mean advection and boundary layer processes is calculated from the field observations as
where Át is a time increment over which mean advection and BL fluxes operate. The temperature and mixing ratio incremented to account for large-scale processes,T andq, arẽ
Boundary layer contributions are calculated as described in Section 2. The advective changes in temperature and water vapor by the mean velocity field are obtained from analyzed observations:
and
The apparent heat source is defined by (5), and L is the latent heat of vaporization. The apparent moisture sink is Figure 4a are not an order of magnitude or more less than @ t CAPE MABL , although the sampling variation is sufficiently large that standard deviations of these values in almost all cases extend to values that small. At best, it is ambiguous as to whether quasiequilibrium holds at averaging times of 6 h for TOGA-COARE. If the timescale over which dCAPE dt and @ t CAPE MABL are averaged is increased, the observations become increasingly consistent with the quasi-equilibrium hypothesis. Figures 2c, 3c , and 4b compare dCAPE dt and @ t CAPE MABL for averaging times of 12 h, and Figures 2d, 3d, and 4c, for 24 h. For the latter averaging time, all of the cases considered satisfy the quasi-equilibrium hypothesis reasonably well even allowing for sampling variability in TOGA-COARE.
[19] At least for timescales of 24 h or longer, it is evident that viewing CAPE as under BL control and viewing CAPE as satisfying quasi-equilibrium are both reasonable. At shorter timescales over land surfaces, rapid variations in boundary layer properties can lead to CAPE variations which are comparable to CAPE variations associated with mean advection and BL processes. Diurnal variations can lead to rapid changes in surface properties, communicated by surface fluxes to the BL, as a source of these CAPE variations.
Implications for Closures in Cumulus Parameterizations
[20] An important application of these results on CAPE controls is closure for cumulus parameterization. As noted in Section 1, a common closure approach is to relax CAPE (or cloud work function) to a reference value over an adjustment time. The observations used to assess boundary layer control on CAPE and quasi-equilibrium in the previous sections can be used to assess closures of this nature, which can be expressed as
where t is a relaxation time, and CAPE 0 refers to a reference value of CAPE.
[21] The rate at which CAPE is modified by cumulus convection, @ t CAPE Cu , is estimated from observations as
[22] Radiative heating is omitted in this approximation, and phase changes are assumed to be convective, as discussed in Section 4. Figure 5 shows a plot of @ t CAPE Cu and CAPE. Also indicated is an interceptrestricted least squares fit to (12). (The best fit intercept occurs at a negative value of CAPE, so CAPE 0 is chosen to be 0 for least squares.) The large scatter suggests (12) may be a problematic parameterization. Although the TOGA-COARE subset of the observations may fit an expression of the form (12) well, a parameterization for general use would need to encompass at least the wider range of field programs in the other observations on Figure 5 .
[23] ''Strict quasi-equilibrium,'' which could be used as a closure, asserts
Note that quasi-equilibrium imposes a requirement on dCAPE dt relative to @ t CAPE MABL and does not demand that (16) hold. Indeed, Figures 1 -4 show that CAPE variations driven by the BL are consistent with quasi-equilibrium, at least for sufficiently long timescales.
[24] In addition to the parameterization closures (12) and (16), an additional closure is suggested by Figure 1 , which 
ACL
shows an approximate equality between dCAPE dt and @ t CAPE BL . This equality, with (4), implies
Zhang [2002, 2003] infer (17) based on ARM and TOGA-COARE data. Figure 1 confirms his ARM and TOGA-COARE results and extends them to the tropical east Atlantic.
[25] The closures (12), (16), and (17) are evaluated using convective-period observations from ARM, GATE, and TOGA-COARE in Figure 6 . The frequency distributions show @ t CAPE PE , dCAPE dt , and @ t CAPE Cu + CAPE t . These quantities are predicted to be zero by the closures (17), (16), and (12), respectively, and the goodness of each closure is indicated by the narrowness of the peak in each distribution at zero. For ARM and GATE, the closure on @ t CAPE PE fits the observations best. For GATE, the CAPErelaxation closure (12) is biased toward excessive CAPE consumption. Figures 1d -1f show the time histories of @ t CAPE PE and dCAPE dt . The time histories confirm the frequency distributions: @ t CAPE PE is consistently smaller than dCAPE dt , although to a somewhat lesser degree for GATE than ARM and TOGA-COARE. Zhang [2002 Zhang [ , 2003 finds the @ t CAPE PE closure to fit observations better than the dCAPE dt closure for ARM and TOGA-COARE. These calculations extend his results to the eastern Atlantic and show his closure to be more consistent with observations than CAPE relaxation for ARM and GATE but not TOGA-COARE.
[26] These closure results can be interpreted in terms of the tendencies of temperature due to mean advection and boundary layer flux convergence, @ t T MA + @T @t À Á BL , and mixing ratio, @ t q MA + @q @t BL , shown for ARM B and TOGA-COARE in Figure 7 . Lin and Johnson's [1996] buoy data are used to determine the boundary layer terms for Figures 7c and 7d. ) For the continental ARM B, Figure 7 shows rapid, high-amplitude variations in the BL relative to the atmosphere above. Convection does not balance these variations, leading to BL control over CAPE. This imbalance also weakens ''boundary layer quasi-equilibrium.'' By excluding the BL, the closure (17) removes these sources of unbalanced CAPE variation, accounting for the better agreement with observation of (17) than (16). Figure 7 shows that large-amplitude, high-frequency components in the BL temperature and mixing-ratio tendencies are not as relatively pronounced in TOGA-COARE. Ocean temperatures, and thus surface fluxes, vary less for TOGA-COARE than for continental ARM B. ARM A and ARM C show behavior similar to ARM B. GATE shows behavior similar to TOGA-COARE.
[27] Figure 7 shows that BL flux convergence is generally large and concentrated. Smaller variability in these fluxes is associated with smaller values of dCAPE dt . However, even at diurnal timescales, variations in BL flux prevent complete CAPE equilibrium. Figure 8 shows dCAPE dt and @ t CAPE PE calculated using 24-h averages. While both dCAPE dt and @ t CAPE PE tend toward smaller values at longer averaging times, equilibrium remains stronger for @ t CAPE PE . Brown and Bretherton [1997] find that ''strict quasi-equilibrium,'' in which dCAPE dt = 0, fails to hold even on monthly to interannual timescales, over which 25% variations in CAPE occur as a result of BL variations unlinked to those of the overlying troposphere. The diurnally averaged results in Figure 8 are consistent with their results, at much shorter timescales.
Conclusion
[28] Analysis of CAPE behavior in ARM, GATE, and TOGA-COARE indicates that temporal CAPE variations are controlled mostly by variations in the BL. For deep convection, this result corresponds to situations where convection is nearly balanced, except by processes associated with rapidly varying BLs. These CAPE variations are consistent with quasi-equilibrium if averaged over timescales longer than a substantial fraction of a day, suggesting that diurnal variability in surface fluxes, especially over land surfaces, produces large variations in the BL and CAPE.
[29] These results are useful in constructing closures for cumulus parameterizations. In particular, Zhang's [2002] closure, which balances CAPE destruction by cumulus convection against CAPE generation by mean advection and convergence of surface fluxes above the BL, fits the is not inconsistent with the observation that quasi-equilibrium holds.
While setting CAPE tendencies to zero for closure satisfies quasi-equilibrium trivially, it is not a unique means for doing so. These results suggest the dCAPE dt closure can be refined by using @ t CAPE PE . The refined closure may be especially important in parameterizing diurnal variations of convection over land. Under these conditions, quasi-equilibrium does not hold well at subdiurnal timescales. Inaccurate closures at subdiurnal timescales can lead not only to inaccurate representation of phenomena at these timescales, but also (through nonlinear aspects of the interaction between convection, mean flows, and other physical processes) to inaccurate treatment of longer timescales as well.
[30] In cases where variations in the BL are small, e.g., midlatitudes during winter, the @ t CAPE PE closure reduces to ''strict quasi-equilibrium,'' i.e., vanishing dCAPE dt . The analyses here suggest that, in general, multiple timescales operate for deep convection, mean flows, and the BL. Rapid variations in the BL are superposed on a slowly evolving balance between convection and mean advection. On timescales long enough for rapid variations in the BL to be smoothed, quasi-equilibrium holds.
[31] This analysis has used CAPE but could be equally well performed for cloud work functions with parcels that have nonzero entrainment. In general, entrainment will modify T rp in (1) so that it depends in part on temperature and mixing ratio above the BL, increasing the dependence of entraining cloud work function (relative to CAPE) on temperature and mixing ratio above the BL. Variations in entraining cloud work function depend mostly on variations in the BL, and an equilibrium analogous to (17) for changes in entraining cloud work function produced by changes above the BL holds. For cumulus parameterizations which require closures on cloud work functions for several classes of clouds, these CAPE results apply directly to nonentraining (or nearly nonentraining) classes.
[32] This analysis has primarily considered convectively active cases. It does not address the separate issue of activation of convection or the factors which determine when convection occurs. These issues are also of obvious importance in the problem of cumulus parameterization.
[33] Although a refined closure for cumulus parameterization emerges from the analysis presented here, it is likely that this closure remains far from fundamentally correct. Underlying all of the closures discussed here, as well as those in general use in cumulus parameterization, is the notion that the large-scale averages of properties like CAPE and cloud work function are relevant in the sense that an idealized cumulus parcel interacts with an environment whose properties are those of the mean flow. In sharp contrast, studies with cloud-system resolving models [e.g., Donner et al., 1999, Figure 8] show substantial spatial variations in CAPE on scales below that of the mean flow but greater than that of deep cumulus cells. Understanding the controls on these CAPE distributions is important in moving toward a more satisfactory basis for closing cumulus parameterizations.
Appendix A: CAPE Error Analysis
[34] Since CAPE is a nonlinear function of temperature and mixing ratio, a statistical model is constructed to infer the error in CAPE from the sampling uncertainty associated Figure 6 . Frequency distribution of @ t CAPE PE , dCAPE dt , and @ t CAPE Cu + CAPE t for (a) ARM, (b) GATE, and (c) TOGA-COARE. There are 100 equally spaced bins from À300 to 300 J kg À1 hr
À1
.
with unresolved spatial and temporal variability in temperature and mixing ratio. Mapes et al. [2003] observe that unresolved variability of relative humidity and temperature display vertical correlation scales of 100 -200 hPa. Synthetic profiles of temperature and mixing ratio are generated by (1) dividing the depth of the atmosphere into 8 layers of thickness 100 hPa above a BL of thickness 200 hPa, and (2) drawing random perturbations from an independent normal distribution at the center of each layer and adding it to the observed array-average value, at that level. The relative humidity standard deviations are 2.5% below and 7.5% above the 600 hPa level, and the temperature standard deviation is .25 K. (These standard deviations apply to the 4-station TOGA-COARE array.) [35] Within the BL, the same perturbations are applied at all heights. Above the BL, the perturbations vary linearly between the centers of the layers, each of which has its own random distribution of perturbations. Any negative or supersaturated values generated by this process are set to zero or saturation, respectively. A sample of CAPE values is computed from 5000 synthetic profiles at each observation time. The variance of the CAPE is estimated from the variance of this sample. The variance of dCAPE dt is taken as the sum of the variances of the CAPE values used in the finite difference, divided by the time interval. When time averaging is performed, the array variances for temperature and humidity are divided by the number of observation times used to calculate the time average. 
